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Abstract 

We study possible multiquark contributions to the charm baryon spectrum by considering higher 
order Fock space components. For this purpose we perform two different calculations. In a first 
approach we do a coupled-channel calculation of the ND system looking for molecular states. In 
a second step we allow for the coupling to a heavy baryon-light meson two-hadron system looking 
for compact exotic five-quark structures. Both calculations have been done within the framework 
of a chiral constituent quark model. The model, tuned in the description of the baryon and meson 
spectra as well as the NN interaction, provides parameter-free predictions for charm -|-1 molecular 
or compact two-hadron systems. Unlike the ND system, no sharp quark-Pauli effects are found. 
However, the existence of different two-hadron thresholds for the five-quark system will make the 
coupled-channel dynamics relevant. Only a few channels are candidates to lodge molecular or 
compact hadrons with a five-quark structure, being specially relevant the {T)J^ = (0)1/2“ and 
{T)J^ = (2)5/2“ channels. The identification of molecular states and/or compact hadrons with 
multiquark components either with or without exotic quantum numbers is a challenge of different 
collaborations like PANDA, LHCb, ExHIC or J-PARC. 

PACS numbers: 14.40.Lb,12.39.Pn,12.40.-y 
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I. INTRODUCTION 


One of the most basic problems of QCD is to identify all the clnsters of quarks, antiquarks 
and gluons that are sufficiently bound by QCD interactions that they are either stable par¬ 
ticles or appropriately long-lived to be observed as resonances [l|. To this respect, charm 
hadron physics has become a cornerstone due to the experimental hndings during the last 
decade. On the one hand one encounters the outstanding discovery in charmonium spec¬ 
troscopy of the flagship of the so-called XYZ states, the X(3872) |^. Before this discovery, 
and based on Gell-Mann conjecture [^, the hadronic experimental data were classihed ei¬ 
ther as qq or qqq states according to SU (3) irreducible representations. However, since 2003 
more than twenty meson resonances reported by different experimental collaborations, most 
of them close to a two-meson threshold, had properties that made a simple quark-antiquark 
structure unlikely . Although this observation could be coincidental due to the large num¬ 
ber of thresholds in the energy region where the XYZ mesons have been reported, it could 
also point to a close relation between some particular thresholds and resonances contributing 
to the standard quark-antiquark heavy meson spectroscopy. On the other hand, a similar 
situation has arisen in the charm baryon ^ectrum during the last years with the advent of a 
large set of experimental data (see Refs, p, 1^ for a comprehensive update of the experimen¬ 
tal and theoretical situation of the heavy baryon spectra). The properties of some excited 
states show an elusive nature as three-quark systems. Likewise the charmonium spectrum, 
some of them are rather close to a baryon-meson threshold suggesting a possible molecular 
or compact structure It has been already highlighted within a simple toy model the 

key role that S wave meson-baryon thresholds may play in matching poor light-baryon mass 
predictions from quark models with data [l^. Thus, the analysis of possible multiquark 
contributions close to meson-baryon thresholds with a full-fledged quark dynamical model 
could help in the understanding of heavy baryon spectroscopy. 

The existence of molecular contributions in the charm baryon spectrum stem primarily 
on the interaction between charm mesons and nucleons, what on the other hand has turned 
into an interesting subject in several contexts [l^. It is particularly interesting for the study 
of chiral symmetry restoration in a hot and/or dense medium [1^. It will also help in the 


understanding of the suppression of the J/\k production in heavy ion collisions llTII. Be 


sides, it may shed light on the possible existence of exotic nuclei with heavy flavors [18|, Il9 


Experimentally, it will become possible to analyze the interaction of charm mesons with 
nucleons inside nuclear matter with the operation of the FAIR facility at the GSI labora¬ 
tory in Germany [l5|. There are proposals for experiments by the PANDA Gollaboration 
to produce D mesons by annihilating antiprotons on the deuteron. This could be achieved 
with an antiproton beam, by tuning the antiproton energy to one of the higher-mass char¬ 
monium states that decays into open charm mesons. These experimental ideas may become 
plausible based on recent estimations of the cross section for the production of DD pairs in 
proton-antiproton collisions jl^. There are also different theoretical estimations about the 
production rate at PANDA of A^ baryons through the direct process pp A^A^ 2l|, |22 


The identihcation of hadronic molecular states and/or hadrons with multiquark components 
either with or without exotic quantum numbers is also a challenge in relativistic heavy ion 
collisions offering a promising resolution to this problem [23, 2^. Besides the LHGb [1^ and 
GDF 2^ Gollaborations are providing a huge dataset of new measurements of heavy flavor 
spectroscopy. In the coming future, J-PARG also intends to contribute to the experimental 
measurement of exotic baryons. Thus, a good knowledge of the interaction of charm mesons 
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with ordinary hadrons, like nucleons or A's, is a prerequisite. 

Before one can infer in a sensitive manner changes of the interaction in the medium 27, 
28| , a reasonable understanding of the interaction in free space is required. However, here one 


has to manage with an important difficulty, namely the complete lack of experimental data 
at low energies for the free-space interaction. Thus, the generalization of models describing 
the two-hadron interaction in the light flavor sector could offer insight about the unknown 
interaction of hadrons with heavy flavors. This is the main purpose of this work, to make 
use of a chiral constituent quark model describing the NN interaction as well as the 
meson spectrum in all flavor sectors 13 to obtain parameter-free predictions that may be 
testable in future experiments. Such a project was already undertaken for the interaction 
between two charm mesons 31 and also for the interaction between anticharm mesons and 


nucleons [32| what encourages us in the present challenge. 


The paper is organized as follows. In Sec. HIl we will hrst present a brief description of 
the quark-model wave function for the baryon-meson system. We will later on revisit the 
interacting potential and hnally we will summarize the solution of the two-body problem 
by means of the Fredholm determinant. In Sec. IIIII we present and discuss our results. We 
will hrst briehy discuss the baryon-meson interaction in comparison to hadronic models. We 
will analyze the character of the different isospin-spin channels, looking for the attractive 
ones that may lodge resonances either as a molecule or as a compact hve-quark state, to 
be measured by experiment. We will also compare with existing results in the literature. 
Finally, in Sec. IIVI we summarize our main conclusions. 


II. THE BARYON-MESON SYSTEM 


A. The baryon-meson wave function 


In order to describe the baryon-meson system we shall use a constituent quark cluster 
model, i.e., hadrons are described as clusters of quarks and antiquarks. Assuming a two- 
center shell model the wave function of an arbitrary baryon-meson system, a baryon Bi and 
a meson Mj, can be written as: 

LST 


^b%AR) = A 



where A is the antisymmetrization operator accounting for the possible existence of identical 
quarks inside the hadrons. In the case we are interested in, baryon-meson systems made of 
A or A baryons and D or D* mesons, no identical quarks can be exchanged between the 
baryon and the meson and thus no sharp quark-PauIi effects are expected. 

If we assume gaussian Os wave functions for the quarks inside the hadrons, the normal¬ 
ization of the baryon-meson wave function of Eq. ([1]) can be expressed as. 



dvr exp 





1. 


/4 


r ^L+i/2 



bl)_ 


( 2 ) 


where, for the sake of generality, we have assumed different gaussian parameters for the 
wave function of the light quarks (6) and the heavy quark [be). In the limit where the two 
hadrons overlap (i? —)■ 0), the Pauli principle does not impose any antisymmetry require¬ 
ment. This can be easily checked for the L = 0 partial waves, where such effects would be 
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prominent. Using the asymptotic form of the Bessel functions, iL+ 1 / 2 , we obtain the S wave 
normalization kernel in the overlapping region that behaves like a constant for R = 0, 


\rL=0ST 


R^O 


-)■ 47r < 1 





(3) 


B. The two-body interactions 


The two-body interactions involved in the study of the baryon-meson system are obtained 
from the chiral constituent quark model [1^. This model was proposed in the early 90’s 
in an attempt to obtain a simultaneous description of the nucleon-nucleon interaction and 
the baryon spectra. It was later on generalized to all flavor sectors js^. In this model 
hadrons are described as clusters of three interacting massive (constituent) quarks, the mass 
coming from the spontaneous breaking of the original SU{2)l 0 SU{2)ji chiral symmetry 
of the QCD Lagrangian. QCD perturbative effects are taken into account through the 
one-gluon-exchange (OGE) potential [33|. It reads. 


hoGE(h* ij) 



4 \2m‘f 2m'j Smiruj J Tq 


SS,, \ 
Amlrfj J ’ 


(4) 


where are the SU{3) color matrices, tq = roZ/i is a flavor-dependent regularization scaling 
with the reduced mass of the interacting pair, and is the scale-dependent strong coupling 
constant given by [s^. 




ao 

In [(/i^ +/x§)/7o] ’ 


(5) 


where Oq = 2.118, /xq = 36.976 MeV and 70 = 0.113 fm“k This equation gives rise to 
as ~ 0.54 for the light-quark sector and ~ 0.43 for uc pairs. 

Non-perturbative effects are due to the spontaneous breaking of the original chiral sym¬ 
metry at some momentum scale. In this domain of momenta, light quarks interact through 
Goldstone boson exchange potentials. 


4x(Ui) “ ^osE(Uj) + VoPE(Uj), 


( 6 ) 


where 


hbsE(h’ ij) 
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Sij >ifi-fj] 


(Ji * (Jj 


(7) 


5 fZh/ 4 vr is the chiral coupling constant, Y(x) is the standard Yukawa function dehned by 
Y{x) = e“^/a:, Stj = 3 (uj ■ rij){aj ■ fij) — Uj ■ aj is the quark tensor operator, and H{x) = 
{1 + 3/x + 3/x‘^)Y{x). 
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Finally, any model imitating QCD should incorporate confinement. Being a basic term 
from the spectroscopic point of view it is negligible for the hadron-hadron interaction. Lat¬ 
tice calculations suggest a screening effect on the potential when increasing the interquark 


distance 34 


VcoNi^j) = {-ac (1 - 


( 8 ) 


Once perturbative (one-gluon exchange) and nonperturbative (confinement and chiral sym¬ 
metry breaking) aspects of QCD have been considered, one ends up with a quark-quark 
interaction of the form 



[qiQj = nn] VboN(rp) + VbGE(rp) + fQ(Di) 
[qiqj = cn] ^ V'coN(rp) + VbGE(rp) 


(9) 


where n stands for the light quarks u and d. Notice that for the particular case of heavy 
quarks (c or b) chiral symmetry is explicitly broken and therefore boson exchanges do not 
contribute. The parameters of the model are those of Ref. js^. The model guarantees a 
nice description of the baryon {N and A) and the meson {D and D*) spectra js^. 

In order to derive the local B^Mm —^ B^Mi interaction from the basic qq interaction 
defined above, we use a Born-Oppenheimer approximation. Explicitly, the potential is cal¬ 
culated as follows. 


Vb^M^{LST)^BuMi{L'S’T){R) = ihST^iR) “ ^LST (oo) ) 


-L' S'T{ 


where 


eLi'/m = 






LST 


(R) 






( 10 ) 


( 11 ) 


In the last expression the quark coordinates are integrated out keeping R fixed, the result¬ 
ing interaction being a function of the baryon-meson relative distance. The wave function 
for the baryon-meson system has been discussed in Sec. Ill Al 
We show in Fig. [T]the different diagrams contributing to the baryon-meson interaction. 
As compared to the ND case and due to the absence of quark-exchange contributions, 
the number of diagrams is greatly reduced, getting just purely hadronic interactions. 




FIG. 1: Different diagrams contributing to the baryon-meson interaction. The vertical thin solid 
lines represent light quarks, the vertical thick solid line represents a heavy quark, the vertical 
dashed line stands for the light antiquark, and the horizontal solid line represents the exchanged 
particle. The number between square brackets stands for the number of diagrams topologically 
equivalent. 
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TABLE I: Interacting baryon-meson channels in the isospin-spin (T, J) basis. See text for details. 



C. Integral equations for the two-body systems 


To study the possible existence of molecular states made of a light baryon, iV or A, and 
a charmed meson, D or D*, we have solved the Lippmann-Schwinger equation for negative 
energies looking at the Fredholm determinant Dp{E) at zero energy |3q. If there are no 
interactions then Df{^) = 1, if the system is attractive then £>^(0) < 1, and if a bound 
state exists then DpiQ) < 0. This method permitted us to obtain robust predictions even for 
zero-energy bound states, and gave information about attractive channels that may lodge a 


resonance in similar systems [SlJ. We consider a baryon-meson system BiMj {Bi = iV or A 


and Mj = D or D*) in a relative S state interacting through a potential V that contains 
a tensor force. Then, in general, there is a coupling to the B^Mj D wave. Moreover, the 
baryon-meson system can couple to other baryon-meson states. We show in the first row of 
each spin cell of Table [T]the lowest light baryon-charm meson coupled channels in the isospin- 
spin (T, J) basis. They would contribute to our hrst approach, a coupled-channel calculation 
of the ND system looking for molecular states. As we have done in Ref. j3l|, we will later on 
allow for the rearrangement of quarks at short distances giving rise to a coupling to a charm 
baryon-light meson two-hadron system, through the diagram represented in Fig. [2l For this 
case we show in the second row of each spin cell of Table HI between square brackets, the 
adittional channels contributing to each (T, J) state. They would contribute to the second 
calculation, looking for compact five-quark states. 


(nnc) (nn) 



FIG. 2: Diagram representing the coupling between a light baryon-charm meson channel and a 
charm baryon-light meson two-hadron system. 
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Thus, if we denote the different baryon-meson systems as channel Aj, the Lippmann- 
Schwinger equation for the baryon-meson scattering becomes 

7=^1,^2,'" ^7=0,2 

X G,{E;py;;ff^{p,,pp,E) ,a,(3 = A,,A2,---, (12) 

where t is the two-body scattering amplitude, T, J, and E are the isospin, total angular 
momentum and energy of the system, iaSa, i^s^, and ipSjs are the initial, intermediate, and 
hnal orbital angular momentum and spin, respectively, and p-y is the relative momentum of 
the two-body system 7 . The propagators G^{E]p^) are given by 




dp^V^ 


^OL^OL 


7 ^ a^]TJ 


{Pa,P'y) 


G^i^E, Py) 


k^-piy + ie' 


(13) 


with 


E 



2/^7 ’ 


(14) 


where is the reduced mass of the two-body system 7 . For bound-state problems £' < 0 
so that the singularity of the propagator is never touched and we can forget the ie in the 
denominator. If we make the change of variables 


P 7 


d 


1 + 

1 — 


( 15 ) 


where d is a scale parameter, and the same for p^ and pp, we can write Eq. ffT 2 |) as 


4 , ... 0 —^ 


1 -h X., 


X I,) G,(B; pj ip; E). 


7=Ai,A2,-" ^7=0,2 ' 

.taS r. 




2d 


(1 


X. 


— dx^ 


(16) 


We solve this equation by replacing the integral from —1 to 1 by a Gauss-Legendre quadra¬ 
ture which results in the set of linear equations 


N 

E \ ^ j.rnlaSa,ml~fSj 

7=Ai,yl2,'" £7=0,2 m=l 


E 


(E)t‘:;;:fp>(x^,xt,E) = ( 17 ) 


with 


M. 


niotSa^'mi'yS-^ 


a'y;TJ 




l+Xr. 


Xr. 


2d 


(1 


Xr. 




(18) 


and where Wm and Xm are the weights and abscissas of the Gauss-Legendre quadrature while 
p^^ is obtained by putting x^ = Xm in Eq. ([15]). If a bound state exists at an energy Eb, 
the determinant of the matrix (Eb) vanishes, i.e., \Maj-T.j{EB)\ = 0 . 
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III. RESULTS AND DISCUSSION 


Regarding the ND interaction there are general trends that can be briefly snmmarized. 
It is worth noting the absence of qnark-exchange diagrams, that also prohibits the OGE 
contribntion, and thns qnark-exchange effects are not present. Thns, the interaction comes 
determined by the OPE and OSE. For very-long distances (i? > 4 fm) the dominant term 
is the OPE potential, since it corresponds to the longest-range piece. The OPE is also 
responsible altogether with the OSE for the long-range part behavior (1.5 fm < i? < 4 fm), 
dne to the combined effect of shorter range and a bigger strength for the OSE as compared 
to the OPE. The OSE gives the dominant contribntion in the intermediate range (0.8 fm 
< R < 1.5 fm), determining the attractive character of the potential in this region. The 
short-range {R < 0.8 fm) potential is either repnlsive or attractive depending on the balance 
between the OSE and OPE. Dne to the nonexistence of qnark-Panli correlations from the 
norm as well as from the interacting potential, one gets a gennine baryonic interaction. 
Thns, dynamical quark-exchange effects do not play a relevant role in the ND interaction 
unlike the ND case. 

Using the interactions described above, we have solved the coupled-channel problem of 
the baryon-meson systems made of a baryon, iV or A, and a meson, D or D* as explained 
in Sec. Ill Cl The existence of bound states or resonances will generate baryonic states with 
charm -|-1 that could be identified as some of the excited states measured in the charm 
baryon spectrum. In Table [TTl we summarize the character of the interaction in the different 
(T, J) channels. It can be observed that due to the absence of quark-Pauli correlations and 
the contribution of the OSE the interaction is in general attractive, giving rise to states that 
appear close to different thresholds. We have represented in Fig. [3] the masses and quantum 
numbers of the possible molecular ND states. The strongest interaction is obtained in the 
ND* {T)J^ = (0)1/2“ channel, that it is coupled to the ND {T)J^ = (0)1/2“ partial 
wave (see Table [I]), generating the best candidate to lodge a molecule. The expectation 
value of the isospin operator, —3 for isosinglet and -|-1 for isotriplet states, would reduce the 
attraction of isotriplet channels as compared to attractive isosinglet channels with the same 
spin J and vice versa, as can be easily checked in the first two columns of Table [ITl 

Our results may be compared to those of Ref. [l^ where the ND system has been analyzed 
by means of a hadronic model using Lagrangians satisfying heavy quark symmetry and chiral 
symmetry. They arrive to the same conclusion that the {T)J^ = (0)1/2“ channel is the 
most attractive one. In Ref. [l^ this channel presents a bound state of around 14.4 MeV for 
the model including only pion exchanges. The main difference of our results with those of 
Ref. [l^ stem from the contribution of the scalar interaction and the consideration of explicit 
A degrees of freedom in our calculation. In a hadronic theory without explicit A degrees 
of freedom only a few channels survive and the coupled-channel dynamics would become 
simpler (see Tabled]). As a consequence, for example, one could not get T = 2 channels. In 


TABLE II: Character of the interaction in the different ND (T, J) channels. 


T = 0 

T = 1 

T = 2 

J = 1/2 Attractive 

Weak 

Weakly attractive 

J = 3/2 Weak 

Attractive 

Attractive 

J = 5/2 

Weakly attractive 

Attractive 
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T=2 


D'A 

(3241 MeV) 


3200 


> 

!U 

§ 3000 




T=2 


DA 

(3100 MeV) 


T=1 


D’N 

(2949 MeV) 


2800 


T=0 


DN 

(2807 MeV) 


1 / 2 “ 3 / 2 “ 5 / 2 “ 

JP 


FIG. 3: Masses and quantum numbers of molecular DN states. The dashed lines stand for the 
different two-hadron thresholds. 


the chiral constituent quark model the importance of the A degrees of freedom is known since 
long time ago 37, 38[. It provides us with an isospin dependent mechanism that allows to 
correctly describe the low-energy NN S wave phase-shifts through a coupled-channel effect, 
giving an important attractive contribution for the NN partial wave. To emphasize the 
importance of coupled-channel dynamics [39| , we have repeated the calculation explained in 
Sec. Ill Cl for the (T)J^ = (1)1/2“ channel but suppressing the states containing A's. As can 
be seen in Fig. 01 neglecting the A degrees of freedom the Fredholm determinant gets larger. 



FIG. 4: Fredholm determinant of the {T)J^ = (1)1/2 channel considering all ND contributions 
of Table H] (solid line) and neglecting the A degrees of freedom (dashed line). 
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indicating a loss of attraction. For the single channel calculation the 
bound state does not appear, in agreement with the conclusions of Ref. 

The DN molecular states appearing in Fig. |3] could be an important ingredient of the 
charm baryon spectrum. It has been recently suggested [l^ the possibility of the Sc(2800) 
being an S wave DN molecular state with = 1/2“ and the Ac(2940)’'' an S wave D*N 
state with = 3/2“, what would agree rather well the picture shown in Fig. [31 One may 

also hnd an experimental candidate for the {T)J^ = (2)5/2“ resonance in one of the states 
recently reported by the BABAR Collaboration an unexplained structure with a mass 
of 3250 MeV/c^ in the S/“''7r“7r“ invariant mass. This state has also been recently suggested 
as a possible pentaquark [ll[, something that would be relevant in the second part of our 



and also theoretical efforts. Such uncertainty has been recently revitalized by emphasizing 
the potential importance of the relativistic kinematics of the light quark pair casting 
doubts even on the assignment of quantum numbers to experimental states just based on 
the non-relativistic quark-model. 

One could also find contributions to the charm baryon spectrum with a more involved 
structure such as compact five-quark states beyond simple ND resonances ji^. The study 
of these contributions requires from a full coupled-channel approach including all possible 
physical states contributing to a given set of quantum numbers (T, J), as has been de- 
mostrated in Ref. [i^ for the charmonium spectrum. Standard mesons {qq) and baryons 
{qqq) are the only clusters of quarks where it is not possible to construct a color singlet 
using a subset of their constituents. Thus, qq and qqq states are proper solutions of the two- 
and three-quark hamiltonian, respectively, corresponding in all cases to bound states. This, 
however, is not the case for multiquark combinations, and in particular for hve-quark states 
addressing the baryon spectrum. Thus, when dealing with higher order Fock space contri¬ 
butions to baryon spectroscopy, one has to discriminate between possible five-quark bound 
states or resonances and simple pieces of the baryon-meson continuum. For this purpose, 
one has to analyze the two-hadron states that constitute the possible thresholds for each set 
of quantum numbers. These thresholds have to be determined assuming quantum number 
conservation within exactly the same scheme (parameters and interactions) used for the 
hve-body calculation. Working with strongly interacting particles, a baryon-meson state 
should have well-defined total angular momentum (J) and parity (P). If noncentral forces 
are not considered, orbital angular momentum (L) and total spin (S') are also good quantum 
numbers. We have represented in Fig. [5] the different two-hadron thresholds contributing to 
each set of (T, J) quantum numbers. 

Given a general five-quark state contributing to the ND wave function, {nnnQn){m the 
following n stands for a light quark and Q for a heavy c or 6 quark), two different thresholds 
are allowed, {nnn){Qn) and {nnQ){nn). A very simple property [i^ of the ground state 
solutions of the Schrodinger (^ 1 ^ 2 ) two-body problem is that they are concave in 
and hence Mgn + Mq^ ^ Mqq -|- Mnn- This property is enforced both by nature^ and by all 
models in the literature unless forced to do otherwise. It implies that in all relevant cases 
the lowest two-meson threshold for any (QnQn) state will be the one made of quarkonium- 
light mesons, i.e., {QQ){nn) (see Fig. 1 of Ref. ji^). A straightforward generalization of 


= ( 1 ) 1 / 2 “ 

m 


1 Md- -t Mq, = 4014 MeV > Mj/^ + = 3879 MeV 
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(1,3/2) 

(2, 3/2) 

(0,5/2) (1,5/2) 

(2,5/2) 


(T, J) 

FIG. 5: Different two-body channels contributing to each set of (T, J) quantum numbers as shown 
in Table HI 

this property to the five-quark system could be obtained within a quark-diquark model if 
rugi < TUq^ < TUq^. Theu Mqgqj + Mq^q^ < Mq^q^ + Mqiq 2 ) because tile intervals in l//x of the 
left hand side and right hand side have the same middle, but the left hand side one is wider 
that the right hand side one. Now, in a crude quark-diquark model, one can translate this 
as Mq^q^q^ + ^qiqi < ^qzqi + ^qiqiqi) cis it is observed in Fig. [5] except for the higher spin 
states where the angular momentum coupling rules impose further restrictions. ^ 

Hence, as we have already illustrated in Fig. 01 an important source of attraction might 
be the coupled-channel effect of the two thresholds, {nnn){Qn) O {nnQ){nn) [s^. Thus, 
to check the efficiency of this mechanism, we have repeated the calculation of Sec. Ill Cl but 
considering all physical states reflected in Table [H We have represented in Fig. 0] the lowest 
baryon-meson thresholds contributing to each set of (T, J) quantum numbers. In Table IIIII 


TABLE III: Character of the interaction in the different baryon-meson (T, J) channels. 

r = 0 r=l T = 2 

J = 1/2 Weakly attractive Weak Strongly repulsive 
J = 3/2 Weak Weak Weak 

J = bj2 Attractive Attractive Attractive 


^ We thank to J. M. Richard for this simple and nice argument that does not make any assumption on the 
shape of the interaction, linear or not, although it assumes a quark-diquark ansatz. 
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F=5/2 


3300 
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1) 




S 3250 


p^; 

(3294 MeV) 


D'A 

(3241 MeV) 


FIG. 6: Masses and quantum numbers of compact five-quark states. The dashed lines stand for 
the different two-hadron thresholds. 

we have summarized the character of the interaction in the different (T, J) channels. When 
the {nnn){Qn) and {nnQ){nn) thresholds are sufficiently far away, the coupled-channel effect 
is small, and bound states are not found. However, when the thresholds move closer, the 
coupled-channel strength is increased, and bound states may appear for a subset of quantum 
numbers. Hence, threshold vicinity is a required but not sufficient condition to bind a hve- 



E (MeV) 

FIG. 7; Fredholm determinant of the {T)J^ = (0)I/2“ channel considering only the ND contribu¬ 
tions of Table H] (solid line) and considering all contributions (dashed line). E indicates the energy 
below the corresponding lowest threshold, ND for the solid line and Scvr for the dashed one, as 
can be seen in Fig. [5j 
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quark state. Under these conditions, there are the channels with high spin = 5/2“ the 
only ones that may lodge a compact hve-quark state for all isospins as it is shown in Fig. |6l 
The reason stems on the reverse of the ordering of the thresholds, being the lowest threshold 
(nnn) {Qn) the one with the more attractive interaction. In the other cases, the break apart 
threshold {nnQ){nn), weakly interacting, is the lowest one destroying the possibility for any 
resonance. This is illustrated in Fig. [7] where we show the Fredholm determinant for the 
{T)J^ = (0)1/2“ channel. When one only considers ND channels (solid line) the interaction 
is attractive and it has a bound state. However, when the lowest break apart threshold is 
considered (dashed line) the bound state does not appear any more. 

As already advertised in the hrst part of our discussion, of particular interest is the 
{T)J^ = (2)5/2“ state, that survives the consideration of the break apart thresholds. It 
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may correspond to the 0c(325O) pentaquark found by the QCD sum rule analysis of Ref. 
when studying the unexplained structure with a mass of 3250 MeV/c^ in the S+’''7r“7r“ 
invariant mass reported recently by the BABAR Collaboration [i^. Such state could be 
also detected by the propagation of D mesons in nuclear matter as an S wave AD* system 
and it thus constitutes a challenge for the PANDA Collaboration. 


IV. SUMMARY 

Summarizing, we have studied higher order Fock space components on the charm baryon 
spectrum. For this purpose we have used two different approaches. In a hrst step we did 
a coupled-channel calculation of the ND system looking for molecular states. In a second 
step we allowed for the coupling to a heavy baryon-light meson system looking for compact 
exotic hve-quark states. Both calculations have been done within the framework of a full- 
hedged chiral constituent quark model. This model, tuned in the description of the baryon 
and meson spectra as well as the NN interaction, provides parameter-free predictions for 
charm -|-1 molecular or compact two-hadron systems. Unlike the ND system, no sharp 
quark-Pauli ehects are found due to the non-existence of quark-exchange diagrams and 
thus of the OGE contribution. The importance of the coupled-channel dynamics has been 
emphasized to connect with the result of other hadronic models. We have found several close 
to threshold resonances in the ND system that could be traced back to some of the measured 
charm baryon excited states. If the full dynamics of the hve-quark system is considered the 
number of resonances is reduced and their energies augmented. Of particular interest is the 
prediction of a {T)J^ = (2)5/2“ baryonic state, that survives the consideration of the break 
apart thresholds. It may correspond to the 0c(325O) pentaquark found by the QCD sum rule 
analysis of Ref. [ll[ when studying the unexplained structure with a mass of 3250 MeV/c^ 
in the S/“''7r“7r“ invariant mass reported recently by the BABAR Collaboration (d^ . 

The advent of new experimental data on charm baryon spectroscopy will shed light about 
the structure of some of the already observed states that, otherwise, will also help us in under¬ 
standing the short-range dynamics of many-quarks systems (conhnement), either conhrming 
the existence of iVD resonances close-to-threshold or not. The hrst scenario will point to a 
two-hadron resonance while the second may be a hint for the presence of many-quark states. 
This objective may be attainable in several current and future Collaborations like PANDA, 
LHCb, ExHIC or J-PARC. 
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